Trans sodium crocetinate (TSC) is a synthetic carotenoid that improves the diffusion of oxygen in animal models of ischemia/hypoxia. This study evaluated multiple doses of TSC in patients with peripheral artery disease (PAD) and hypothesized that a preliminary dose-response relationship could be identified on peak walking time (PWT). Fortyeight patients with symptomatic PAD and an ankle-brachial index < 0.90 were included, while critical limb ischemia, recent revascularization, and exercise limited by symptoms other than claudication were exclusionary. Patients were randomized to placebo or eight dosing levels of TSC ranging from 0.25 mg/kg to 2.0 mg/kg given intravenously once daily for 5 days. Subjects were tested on a graded treadmill protocol to claudication-limited PWT with the change to Day 5 as primary. A cubic regression was fit to detect a pre-specified inverted U-shaped dose-response relationship (65% power). Patient-reported walking distance from the Walking Impairment Questionnaire was a secondary endpoint. Adverse events were not predominant on any drug dose relative to placebo. Changes in PWT demonstrated a cubic trend for dose (p = 0.07, r = 0.39, r 2 = 0.15) with morphologic signals of benefit at doses above 1.00 mg/kg after both the first and fifth dosing days. Similar improvements occurred with the walking distance score at doses above 1.00 mg/ kg. In conclusion, TSC was safe and well tolerated at all doses. Notable signals of benefit were observed at higher doses for both PWT and patient-perceived walking distance. These results support a phase II study to define the optimal dose for longer-term therapy with TSC. Clinical Trial Registration -URL:http://www.clinicaltrials.gov. Unique identifier: NCT00725881
Introduction
Peripheral artery disease (PAD) is a major manifestation of systemic atherosclerosis and as a consequence a strong predictor of cardiovascular morbidity and mortality. 1 Patients with PAD commonly manifest the symptom of claudication that is cramping, aching, or fatigue in the calf muscles provoked by walking activity and relieved by rest. 2 However, all patients with PAD (whether they manifest classic symptoms or not) have a profound limitation in physical performance measures as defined by peak exercise performance, the 6-minute walk, and integrated measures of physical activity over a week. 3, 4 The pathophysiology of claudication in PAD is primarily related to atherosclerotic arterial occlusion(s) in the lower extremity that limit the increase in blood flow induced by walking exercise. 5 This limits the supply of oxygen required to meet the metabolic demands of exercising skeletal muscle, leading to the symptom of claudication during exercise. In addition, PAD is associated with abnormal skeletal muscle mitochondrial function and altered skeletal muscle oxidative Evaluation of trans sodium crocetinate on safety and exercise performance in patients with peripheral artery disease and intermittent claudication metabolism. 6 Restoration of blood flow and oxygen delivery by revascularization can significantly relieve claudication symptoms and improve exercise performance. 7 However, there are no pharmacologic therapies that directly modify oxygen delivery for the treatment of claudication.
Trans sodium crocetinate (TSC) is a novel bipolar synthetic carotenoid that is designed to enhance the oxygenation of hypoxic tissues. The putative effect of TSC is to increase the diffusivity of oxygen (the ability of oxygen to move from a higher to a lower concentration). 8 An increased diffusivity is hypothesized to be the primary mechanism by which TSC exerts its pharmacodynamic effects, as shown in models of ischemic injury where TSC increased tissue oxygen concentration. 9, 10 The current study tested the hypothesis that a range of doses of TSC would be safe and well tolerated in patients with PAD and that a dose-response could be identified on the functional endpoint of treadmill peak walking time.
Methods

Design and dosing
This was a randomized, double-blinded, placebocontrolled, dose escalation study in patients with claudication due to PAD. It was designed as a proof-of-concept and dose-range-finding study to evaluate the safety, pharmacokinetics, and efficacy of TSC. Four cohorts of patients, consisting of a total of 12 patients each, were enrolled, with patients in each cohort randomized to placebo (n = 2) or one of two drug doses (n = 5/dose). The first cohort tested doses of 0.25 and 0.50 mg/kg, the second doses of 0.75 and 1.00 mg/kg, the third 1.25 and 1.50 mg/kg, and the forth 1.75 and 2.00 mg/kg. Study drug and placebo were dosed intravenously as a bolus injection over 2 minutes, once daily for 5 consecutive days.
The maximum allowed pre-treatment phase was up to 39 days, including a 21-day wash-out period if a patient needed to discontinue an exclusionary medication after being consented into the trial. Prior to randomization at the Dose 1 Visit, the patient was asked to complete two visits: the Screening Visit and the Baseline Visit. For all patients enrolled, regardless of whether a wash-out period was needed, the Screening Visit was conducted within 24 days prior to the Dose 1 Visit. The Baseline Visit was conducted after laboratory tests from the Screening Visit had been assessed, and within 3-10 days prior to the Dose 1 Visit. The expected enrollment timeframe was 12 months, allowing for an accrual rate of approximately three to four patients per month. The actual enrollment took 18 months.
Inclusion and exclusion criteria
Patients included were at least 40 years old and had at least a 6-month history of walking limitation due to stable claudication. PAD was diagnosed by a resting anklebrachial index (ABI) ≤ 0.90 in the symptomatic leg. Patients with a resting ABI between 0.90 and 1.00, or ABI > 1.30 could enter with alternate hemodynamic evidence of PAD including a decrease in ABI of 20% after exercise or a toe-brachial index (TBI) ≤ 0.70. Other concomitant diseases and therapy must have been stable for at least 3 months. Patients must not have been considering a change in smoking and/or exercise habits (formal exercise program) throughout the study and follow-up.
Patients taking stable antihypertensive therapy, cholesterol-lowering therapy (e.g. statins), chronic oral nitrates, and diabetic therapy (if applicable) were eligible for the study. Those taking cilostazol or pentoxifylline must have discontinued those medications 21 days prior to screening. An inclusion criterion was time on a graded treadmill with a peak walking time (PWT) of at least 1 minute, but no more than 12 minutes at the Baseline Visit.
Patients were excluded with a history of critical limb ischemia (CLI) manifested by rest pain, ulceration, gangrene, lower limb amputation or non-atherosclerotic causes of vascular disease. Also excluded were patients whose exercise performance was limited by venous claudication, chronic compartment syndrome, peripheral nerve pain (e.g. severe peripheral neuropathy), pseudo-claudication caused by spinal cord compression, or acute limb ischemia. Conditions other than claudication of significant severity that could have impacted the exercise test measurements were excluded, including angina, heart failure, chronic obstructive pulmonary disease, orthopedic disease, neurological disorders, rheumatologic disorders and prior lower limb amputation (except for minor toe amputations not expected to interfere with exercise testing). All prior revascularizations must have been performed at least 3 months prior to enrollment. Patients were excluded who were exposed to angiogenic therapies within 12 months of screening.
Safety monitoring
Safety and tolerability were evaluated by an independent Safety Monitoring Committee (SMC), which consisted of three blinded independent reviewers, all with prior expertise in clinical trials. The SMC reviewed safety data after each cohort of 12 subjects had completed dosing. The decision to progress to the next dosing cohort was based on this independent review of adverse events and laboratory data that were judged to be acceptable to allow for exposure to increasing doses. The SMC chose to remain blinded during their deliberations despite the option to become unblinded as to drug group assignment.
Endpoints
The primary efficacy endpoint was PWT, with claudication onset time (COT) as a secondary efficacy measure. Testing was performed on a standardized graded exercise treadmill test (Gardner protocol, conducted at a walking speed of 2.0 mph (3.2 km/h) at a defined grade ranging from 0 and increasing 2% every 2 minutes to a maximum of 18%). This test has been used in previous trials of pharmacological agents and is, thus, useful for making comparisons.
Patient-reported outcomes were assessed with the Walking Impairment Questionnaire (WIQ), which also served as secondary endpoints. The questionnaire measures pain severity, walking distance, walking speed, and stair climbing, and was used to evaluate community-based walking ability. 11 Owing to the short time frame of this study, a modified (mWIQ) was used to ask about the patient's experience in the previous 5 days, rather than 30 days. The WIQ has previously been shown to correlate with PWT in patients with PAD. 12 
Study populations
The intention-to-treat (ITT) population included all patients who were dosed and had post-dosing efficacy data. Data were presented by the dosing arm to which the patient was randomized. The second was the per-protocol (PP) population and included all patients randomized who received all five doses of TSC or placebo.
Sample size and statistical analysis
Since the primary objective of this study was to evaluate the safety and pharmacokinetics of TSC, the study was not powered to definitively establish efficacy. Despite this limitation, signals of benefit were evaluated across the entire dose range of TSC on PWT based on the coefficient of multiple correlations. For these efficacy analyses, PWT values at each time point were log-transformed to generate a normal distribution of the data. Further, percent changes in the geometric means were determined from a back-calculation of the log-transformed values. While the data were not normally distributed, percent changes in the arithmetic means were also calculated as a means to illustrate the degree of linear increase in PWT.
An interesting facet of TSC-dosing, as shown in preclinical studies of stroke, 10 is that the most beneficial dose is an intermediate one. It is thought that this phenomenon arises from the fact that TSC increases the hydrogen-bonding of the water molecules in the plasma. 8, 9 Dose-dependent amounts of hydrogen-bonding formation are a well-known characteristic of compounds known as kosmotropes, compounds that, like TSC, increase the hydrogen-bonding among water molecules.
Based on preclinical dose-dependence results, quadratic and cubic relationships were pre-specified as possible models to evaluate an anticipated response to TSC that would be maximal at a mid-range dose with less response at low and high doses. Therefore, a symmetric quadratic dose-response curve for the mean change from baseline of log PWT, with a peak at 1.00 mg/kg, was assumed. The standard deviation of the change from baseline of log PWT was set to 0.46. One thousand samples of the change from baseline of log PWT were simulated according to the study design. The average value of r 2 from these simulated samples was 0.1338. Thus, if the change from baseline to Day 5 in PWT was twofold higher at the optimal dose compared to placebo, then there was approximately 65% power to detect this difference with 48 patients.
Results
A total of 110 patients were screened for the study: 37 for Cohort 1; 19 for Cohort 2; 31 for Cohort 3; and 23 for Cohort 4 (Figure 1 ). Sixty-two patients were screening failures, with the two most common reasons including not meeting ABI or TBI criteria (10.9%) and a non-qualifying peak walking time of less than 1 minute or more than 12 minutes at the Baseline Visit (6.4%). Forty-eight patients were randomized into the study and included in the ITT population: 12 into each cohort. Within each cohort, 10 patients received TSC (five patients per intra-cohort TSC dosing arm) and two patients received placebo. Two patients withdrew from the study (both from the 1.00 mg/kg arm): one for missing several visits following an adverse event of nausea and diarrhea and the other withdrew owing to work commitments. Four patients were excluded from the PP population, including the two who withdrew and an additional two patients for receiving < 85% of the study medication. Accounting for these excluded patients, there were 44 patients in the PP population: eight in the placebo group; four in the 0.25 mg/kg dosing arm; three in the 1.00 mg/kg dosing arm; four in the 1.75 mg/kg dosing arm; and five in the remaining TSC dosing arms.
The overall mean age of the population was 65 years and was similar across the groups except for patients randomized to the 1.00 mg/kg dosing arm who had a mean age of 55.0 years ( Table 1 ). The majority of the population was male and non-Hispanic white. The majority of subjects were current or former smokers. The mean ABI values ranged from 0.50 to 0.80 and were typical of a population of patients with claudication.
As seen in Table 2 , after 5 days of treatment, there was a 9.6% geometric mean increase in PWT on placebo. The TSC dosing arms demonstrated a differential dose-response on PWT with a decrease in PWT from baseline at low doses of TSC (maximum decrease of 21.5% for the 0.25 mg/kg dosing arm) and substantial increases from baseline in PWT at the higher doses (peak increase of 29.3% for the 1.50 mg/kg dosing arm). Similar results were observed for percent change in geometric mean PWT as early as the Dose 1 Visit, with a decrease in PWT from the baseline in the lowest dose group (-12.6%, 0.25 mg/kg dosing arm) and an increase in PWT for higher dose groups (17.3%, 1.25 mg/kg dosing arm). The log ratio change in PWT was used for statistical analysis to normalize the data. These changes are shown in Figure 2 and demonstrated a cubic trend for dose (p = 0.07, r = 0.39, r 2 = 0.15), with morphologic signals of benefit at doses above 1.00 mg/kg after both the first and fifth dosing days.
The arithmetic percent change in PWT was also calculated to provide a more clinically relevant representation of the data. This demonstrated a 38% increase in PWT at the 1.5 mg/kg dose (representing a difference of 21% above the placebo response of 17%) at Dose 5.
Relative increases in claudication onset time from baseline were observed after 5 days of dosing (Dose 5 Visit), with the greatest increase observed at the lowest dose of TSC (0.25 mg/kg dosing arm) and modest signals of improvement for the dosing arms between 1.25 mg/kg and 1.75 mg/kg.
The change from baseline for the walking distance scale of the WIQ at the Dose 5 Visit for the ITT population was -3.6 for the placebo group but in treated subjects a trend was observed for an improvement in walking distance at doses greater than 1.00 mg/kg, with a peak of 17.3 in the 1.25 mg/kg dosing arm. Results for walking speed score appeared to follow a similar pattern with regard to signals of improvement at doses between 1.25 and 1.75 mg/kg. Overall, the WIQ data were notable for an overlap of doseresponse with the objective measure of PWT, suggesting patient-reported perceived benefit of treatment in the active dosing arms with doses higher than 1.00 mg/kg (Figure 3) .
The most common adverse events (AEs) were in the gastrointestinal disorder, musculoskeletal and connective tissue, and investigations (laboratory) body systems. The occurrence of these AEs was not predominant in any TSC dosing arm when compared to the placebo group (Table 3) . Serious adverse events were observed in five patients. Two patients on placebo had an SAE including angina and a malignant lung neoplasm. One patient on 0.25 mg/kg developed a small bowel obstruction, one patient on 0.50 mg developed a deep vein thrombosis, and one patient on 0.75 mg/kg developed unstable angina. There were two deaths that occurred over 30 days post dosing and these were one placebo patient who had lung cancer and the patient with a deep vein thrombosis who died of a pulmonary embolus.
Discussion
This was an early-stage study of TSC in patients with PAD, with the primary aim to evaluate safety and tolerability. The exposure to TSC demonstrated that the drug was well-tolerated when given as a parenteral administration over 5 days across a wide range of doses. A dose-response for adverse or serious adverse events was not observed in any particular organ system. Thus, these data support the further development of extended dosing schemes.
The number of placebo patients showing serious adverse events was 2/8 (25%) versus 3/40 (7.5%) of the TSCtreated patients. Patients showing adverse events were 7/8 (87.5%) for the placebo group and 24/40 (60%) for the TSC-treated patients. Thus, TSC appears to be a safe treatment. It should be noted that all of the patients were still on all of their previously prescribed medications during the entire duration of this trial.
TSC demonstrated signals of clinical benefit in a prespecified dose-response fashion. The primary efficacy endpoint was peak walking time on the treadmill, a validated endpoint for both clinical and regulatory considerations. 11 The observed increase in PWT at higher doses of TSC is of a magnitude consistent with approved pharmacotherapy for claudication. 13 In addition, a patient-reported diseasespecific outcome measure was administered to assess changes in each patient's assessment of their walking ability. The results from the WIQ also demonstrated a similar dose-response relationship to PWT. Taken together these results provide suggestions of efficacy that would also warrant further study.
TSC increases the diffusion coefficient of oxygen through water and other aqueous solutions, such as blood plasma. 8 Preclinical pharmacology studies conducted in multiple animal models with TSC have demonstrated improvement in a number of important physiological parameters and outcome variables. When TSC was evaluated in a three-vessel occlusion stroke model in rats, the results demonstrated a reduction in the infarct volume and an increase in brain oxygen levels in the ischemic penumbra tissue. 10 Hemorrhagic shock animal models have shown that TSC increased whole body oxygen consumption, increased mean arterial blood pressure (BP), and greatly increased survival rates when compared to control animals. 14 These effects are all hypothesized to be due to enhanced tissue oxygenation. Since TSC is a carotenoid, and carotenoids are known radical scavengers, it might be suggested that the mechanism of action of TSC could also involve such a phenomenon. The radical scavenging properties of TSC have been studied previously, and it was found that although TSC does scavenge free radicals, it only does so when the plasma TSC concentration is relatively high. 14 In fact, TSC does not show significant radical scavenging properties unless the plasma concentration is about 100 times greater than the highest TSC plasma concentration occurring in this PAD trial. Given the promising findings of TSC on exercise performance in PAD, a potential mechanism could be improved oxygen availability. If this compound is developed further, additional studies would need to evaluate the clinical benefits in a larger group of patients treated for a longer duration at a target dose of around the 1.5 mg/kg level. In addition, mechanistic insights relevant to the putative mechanism of action of TSC could be gained by evaluating changes in oxygen consumption and tissue hemoglobin saturation kinetics at the onset of exercise. 15, 16 Figure 3 . Log ratio of change in peak walking time and change in Walking Impairment Questionnaire (WIQ) walking distance score.
Since this trial was designed to prove whether or not TSC could safely benefit patients having intermittent claudication, even when given on a short-term basis, the emphasis was placed on the improvement in the patients and not on discerning more about other physiological changes caused by TSC. This will be the subject of future trials, which will also be of a longer duration and with a different method of administering TSC.
